Abstract. The Palmer Drought Severity Index (PDSI) was calculated globally using gridded monthly air temperature and precipitation. From 1900 to 1995, there are large multiyear to decadal variations in the percentage areas in severe drought (PDSI < −3.0) and severe moisture surplus (PDSI > +3.0) over many land areas while secular trends are small. Since the late 1970s, however, there have been some increases in the combined percentage areas in severe drought and severe moisture surplus, resulting from increases in either the drought area (e.g., over the Sahel, eastern Asia and southern Africa) or both the drought and wet areas (e.g., over the U.S. and Europe). Although the high percentages of the dry and wet areas in the recent decades are not unprecedented during this century (except the Sahel), the recent changes are closely relate to the shift in El Niño -Southern Oscillation (ENSO) towards more warm events since the late 1970s and coincide with record high global mean temperatures. Moreover, for any given value of ENSO indices, the PDSI anomalies tend to be larger than would be expected from previous records. These changes are qualitatively consistent with those expected from increased greenhouse gases in the atmosphere.
Introduction
Extreme climate events, such as droughts and floods, by their very nature are rare. Consequently they are located at the tails of distributions of climate variables and percentagewise will change more rapidly than the mean in a changing climate. Global climate models (GCMs) [Kattenberg et al., 1996; Gregory et al., 1997] indicate that in a warmer climate droughts may become longer lasting and more severe in current drought-prone regions because of enhanced evaporation, and, because of increased atmospheric moisture, precipitation events may become more intense, leading to more flooding. Over the U.S., the climate has become more extreme in recent decades [Karl et al., 1995; Karl and Knight, 1998 ]. In the Sahel, extreme droughts have persisted most of the time during the last 2-3 decades [Nicholson, 1993] . Over Australia, for any value of the Southern Oscillation Index (SOI) the rainfall and daily maximum temperature tend to be higher after the 1970s than would be expected for such an SOI in the earlier decades [Nicholls et al., 1996b] .
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The 1995 IPCC report [Nicholls et al., 1996a] reviewed the evidence for changes in extreme weather events. Here we examine the variations in meteorological droughts and wet spells over the global land areas during this century using the popular Palmer Drought Severity Index (PDSI) [Palmer, 1965] , a proxy of soil moisture content. We focus on decadal variations in the percentage areas in severe drought or severe moisture surplus and their association with ENSO, and we find that the change in the relationship between SOI and rainfall found by Nicholls et al. (1996b) also exists over other regions.
Data
The PDSI is calculated using monthly air temperature T (Hansen and Lebedeff, 1987 and updates) and precipitation P (Dai et al., 1997) based on a moisture balance on the ground. Anthropogenic changes in surface conditions that alter the drainage catchment or runoff are not considered in the index. The PDSI has been widely used in the study of U.S. droughts despite its limitations [Alley, 1984] . The PDSI generally ranges from −7.0 (dry) to +7.0 (wet) with histograms fairly close to normal distributions. We evaluated the PDSI with available streamflow and soil moisture data and found that the PDSI can capture a large portion of the multi-year to decadal variations in these hydrological variables (cf. Fig. 1 ). This suggests that the PDSI is a useful proxy of moisture conditions on the ground. We should, however, only expect a qualitative agreement between the PDSI and streamflow data, because the latter indicate hydrologic droughts and floods which depend on not only meteorological conditions, but also other factors such as dams and reservoirs.
There are various errors in the station-record derived T and P datasets (on a 2.5 o x2.5 o grid), especially for precipitation. Dai et al. (1997) made adjustments to correct the major inhomogeneity errors in station precipitation records and showed that reliable decadal to long-term changes can be derived from the precipitation dataset. Although not perfect, the spatial and temporal coverage of the T and P datasets are much better than the instrumental records of other climate variables. We used the soil-texture-based water-holding capacity map from Webb et al. (1993) and kept it unchanged during the the period (1900-95) of the PDSI calculation. Tests showed that the results are insensitive to the values of water-holding capacity. The calibration base period of the PDSI calculation is from 1950 to 1979.
The streamflow data used in Fig Note that the wet area is plotted using the downward scale on the rightside ordinate (0 to 80% except Sahel and S. Africa) and the dry and total area scales are from 0 to 120% on the leftside ordinate for Sahel and S. Africa. Variations with periods < 24 months were filtered out. of 60 o N) Canada. The U.S. and Australian streamflow data are fairly reliable and have been used in many climate studies. The European and Canadian streamflow data have good temporal and spatial coverage and seem to be reliable. Streamflow data for other regions are insufficient for comparison with the PDSI. We derived the regional averages of streamflow for the U.S., Europe and mid-latitude Canada by averaging the station discharge records using drainage areas as weighting (thus emphasizing the downstream discharges which largely integrate upstream flows).
Results Fig. 1 compares the area-averaged monthly PDSI with streamflow over the U. S., mid-latitude Canada, Europe and S.E. Australia. Both the PDSI and streamflow have large multi-year and decadal variations and they are significantly correlated on these time scales. Arid regions contribute little to the PDSI−streamflow relationship shown in Fig. 1 . For example, the U.S. PDSI−streamflow relationship is strong in the central (correlation coefficient r=0.79 and eastern (r=0.69) U.S. and becomes poor (r=0.10) over the western (west of 115 o W) U.S. This is expected because more rainfall evaporates instead of going into streamflow in arid areas such as the western U.S. The widespread drought conditions over the U.S. in the 1930s, middle 1950s and 1988 are evident in both the PDSI and streamflow records. Europe (mostly central Europe) experienced prolonged droughts from the 1940s to early 1950s. In mid-latitude Canada, the latter half of the 20th century is considerably wetter than the earlier decades. Over S.E. Australia, multi-year variations, which are often induced by ENSO events, predominate although decadal changes also exist. The gridded PDSI is also significantly correlated (r=0.45 to 0.73, with r ≥0.28 being significant at a 1% level) with soil moisture observations [Vinnikov and Robock, 1996 ] from former U.S.S.R. stations. Karl et al. (1995) examined the percentage areas in severe droughts and severe moisture surplus over the U.S. Fig. 2 shows the percentage areas together with the sum of the two for the regions where data are sufficient. It can be seen [Trenberth and Hoar, 1996] . Variations with time scales < 24 months are filtered out for both the EOF temporal coefficient and the ENSO indices. The smoothed ENSO indices are shifted to the right by six months in order to obtain the maximum correlation between the EOF coefficients and the ENSO indices (i.e., the ENSO indices lead the EOF coefficients by six months). The correlations (r=0.61 with the SOI and r=0.67 with the Darwin pressure index) are significant at <0.001% levels.
that the multi-year and decadal variations in the percentage areas are very large. For example, over the Sahel on average about 50% of the region has been in severe drought since 1970, which is about twice that in the first half of the century. While the severe dry and wet areas are negatively correlated, the sum of the two still has large variations (Fig. 2) . For example, the percentage area over Europe in relatively normal conditions was ∼60% in the 1940s and increased to ∼80% during the 1951-1980 period. In the Sahel, only ∼10% of the area was in severe wet or dry conditions in the 1960s, but it increased to ∼ 80% in the 1980s.
The long-term trends over the 1900-95 period are relatively small in the severe dry and wet areas (and the number frequency and severity of the severe dry and wet months). However, during the last 2-3 decades, there are some increases in the combined severe dry and wet areas, resulting from increases in either the dry area (e.g., over the Sahel, eastern Asia and southern Africa) or both the dry and wet areas (e.g., over the U.S. and Europe) (Fig. 2) . Most of the increases occurred after 1970. Except for the Sahel, however, the magnitude of dry and wet areas of the recent decades is not unprecedented during this century.
An empirical orthogonal function (EOF) analysis of the PDSI revealed a leading mode (Fig. 3) that correlates significantly with ENSO events in time and space. This is not surprising in view of the well established changes in the distributions of rainfall, droughts and floods and throughout the world during the warm and cold phases of ENSO [e.g., Kiladis and Diaz, 1989; Dai et al., 1997] . The temporal coefficients stay at a higher level after the late 1970s. The active regions of the EOF are the areas that exhibit the largest changes during the last 2-3 decades in the percentage areas (cf. Fig. 2) , the number frequency, and severity of the severe dry and wet months, suggesting that this mode is primarily responsible for the recent changes in severe droughts and wet spells. The scatter plot (Fig. 4) of Fig. 3a reveals that the El Niño-induced PDSI anomalies are significantly higher during 1979-95 than would be expected using the 1900-78 relationship. The regression slope for 1900-78 is larger than that for 1979-95 when negative values of the SOI (as given by pressure at Darwin) are few. If the pre-1979 model is used to predict the PDSI coefficient, the upward shift around 1979 in the PDSI coefficient in Fig. 3a would largely disappear. t-tests on the difference of the means of the temporal coefficient before and after a given year yielded a peak t-value (∼29, significance level<0.01%) around 1978. This suggests that the ENSO-induced PDSI anomalies after about 1978 depart from what would be anticipated from the previous record. The ENSO EOF accounts for ∼7.8% of the global variance of the (normalized) PDSI. This number is considerably higher regionally over the U.S., the Sahel, southern Africa, Kazakhstan and southwestern Russia, northeastern China, and eastern Australia, and also higher if only ENSO years are considered. The ENSO EOF results primarily from the rainfall anomalies associated with ENSO Dai et al., 1997) , while the contributions of temperature and possibly sampling errors are relatively small.
Discussion
Our PDSI results (Fig. 2) suggest that from 1900 to 1995 there are large multi-year to decadal variations in the percentage areas in severe drought and severe moisture surplus over many land areas while trends are small. During the last 2-3 decades there are some increases in the combined severe dry and wet areas over many ENSO-sensitive regions. In these regions, the ENSO-induced PDSI anomalies are larger during 1979-95 than would be expected based on the record of 1900-1978, consistent with the recent changes in the ENSO-rainfall relationship over Australia [Nicholls et al., 1996b] and other regions [Dai et al., 1997] . While it is still too early to distinguish the recent changes in the severe dry and wet spells from their multi-decadal variations seen over this century, there is a distinctive change in character evident. The shift of ENSO activity toward more warm phases after about 1976, which is very unusual given the record of previous 100 years Hoar, 1996, 1997] , has been linked to changes in evolution of ENSO [Wang, 1995] and decadal changes in climate throughout the Pacific basin [Trenberth and Hurrell, 1994; Graham, 1995] . Here we have further shown that the shift is also largely responsible for the recent changes in the PDSI over the ENSO-sensitive regions, and that there is an enhanced PDSI response for a given change in SOI. At the same time, global mean surface temperatures have increased rapidly since the late 1970s and the past 15 years are the warmest on record [Nicholls et al., 1996a] .
These coincidences raise the possibility that the global temperature increases, the ENSO changes and the jumps in ENSO-induced T , P and PDSI anomalies since the late 1970s could all result partly from the greenhouse gasinduced climate changes, which promote a more vigorous hydrological cycle. Moreover, some GCMs indicate a more El Niño-like climate (greater warming in the tropical east Pacific and an eastward shift of moist convection in the Pacific) superposed on top of more general warming with increased greenhouse gases [e.g., Meehl and Washington, 1996; Knutson et al., 1995 Knutson et al., , 1997 . The model results need to be confirmed because GCMs still have deficiencies in simulating ENSO and the models themselves do not agree very well. However, the observational evidence strongly suggests that the global climate (specifically, T , P , the PDSI) have been changing toward an enhanced hydrological cycle response to ENSO in a way that is qualitatively consistent with expectations for anthropogenic climate change.
